Abstract
Introduction
Phase contrast (PC) magnetic resonance (MR) imaging is a powerful method for measuring blood flow velocity in human subjects and can provide key hemodynamic information about the vasculature. However, concern has been raised about measurement accuracy [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , in particular, the impact of phase error from the application of magnetic gradient fields causing a spatially varying offset in the phase across the image [2, 3, 8, [10] [11] [12] 14] . This bias can limit the accuracy of quantitative PC-MR measurements. For some regions, like the heart, this phase error has been reported to be as large as 10% to 25% [2, 15] . There are two mechanisms by which the gradients cause phase errors: 1) the concomitant gradient field [14] , and 2) gradientinduced eddy currents [2, 3, 15, 16] . These errors characteristically introduce a location-dependent bias into the velocity estimates that can often be observed as non-zero velocity estimates in stationary background tissues [2] that tend to increase with distance from the scanner isocenter [2] . Previous PC-MR cardiac experiments have shown that this error affects velocity measurements and other key hemodynamic metrics, such as volume flow rate (VFR) [2, 8] . On the contrary, it has also been suggested that phase-error correction schemes may actually introduce additional error in the measurements [17] .
PC-MR imaging can be performed with either time-varying (i.e., many phases of the cardiac cycle) or time-averaged (i.e., a single value averaged over the cardiac cycle). Generally, cardiac studies obtain time-varying PC-MR imaging to compensate for cardiac motion and obtain information about how the flow changes over the cardiac cycle. Although more information is obtained with time-varying imaging it requires significantly more time to acquire to provide the same field of view and acquisition matrix, limiting its clinical application to 2D acquisitions. In the brain where blood is less pulsatile, a time-averaged approach is preferred to obtain higher 3D resolution. Correction for the concomitant gradients [14] is available and automatically performed with most MR systems. Eddy current compensation is typically performed using hardware or software implemented gradient pre-emphasis [18, 19] and any residual eddy current induced phase errors are not usually considered in image reconstruction on the scanner. So far, the majority of work investigating residual phase error correction has been done with single slice, time-varying, cardiac scans, and there has been little work investigating timeaveraged 3D phase contrast in the cerebrovascular system, which has prompted this study.
There are several major sources of error when performing PC velocity measurement experiments, including: 1) effects of non-linear gradients [20] , 2) partial volume effects [1, 6] , 3) concomitant gradient terms [14] , and 4) background phase errors from eddy currents. Non-linear gradients and partial volume effects are discussed elsewhere [1, 20] . The other two error sources contribute to an offset in the background phase but originate from fundamentally different mechanisms. The concomitant gradient terms (i.e., Maxwell terms) can be corrected and removed with processing based on an analytic model prior to assessing phase-offset errors due to eddy currents (such as in this experiment). In this manuscript, when referring to phase error, it is assumed to be eddy current induced phase error unless otherwise specified. Evaluation of and correcting for the residual phase errors due to eddy currents is the focus of this study.
There have been several techniques proposed for correcting eddy current-induced phase errors including: 1) using the local background information in the vicinity of the vessel of interest [3] , 2) polynomial fitting to the whole background field [8] , 3) a priori measurement of the background field with a stationary phantom [21] , and 4) using knowledge of gradient trajectory deviation [9] . In this paper, we explore two implementations of the first technique (i.e., local bias correction, LBC, and local polynomial correction, LPC) and one implementation of the second technique (i.e., whole brain polynomial correction, WBPC). Each technique has limitations: The local correction techniques presume that the whole bias is due to phase error (in practice, some error could be due to other factors, such as noise), and it also assumes that the bias is the same in the background and the vessel of interest. Fitting to the complete background field can be erroneous near air-tissue interfaces where there is insufficient neighboring signal to estimate the background signal, potentially jeopardizing measurements near the sinuses or in the neck. A priori measurement of phase errors in a phantom is imperfect, as eddy currents may vary over time [15] . Measuring the gradient trajectory requires specialized hardware and is limited by the ability to place measurement probes in locations only outside the body.
Most correction methods have been developed especially for cardiac imaging applications, where the phase error may be in the range of 10% to 25% [2, 10, 11, 15] . So far, only a few studies have used these techniques for applications in the time-averaged 3D PC of the brain, which have very different acquisition parameters (field of view, resolution, velocity encoding, etc.). Furthermore, in many older phase-error correction publications targeting the brain, it is likely that no previous correction for the concomitant gradient was applied, as these studies occurred before the concomitant gradient correction was widely adopted [14] . If that correction is not applied first, then the magnitude of errors attributed to eddy currents would be much greater. Finally, even if phase error can be successfully corrected, it is not clear if this correction has a significant influence on VFR measurements of cerebral blood vessels as this has not been thoroughly studied in the head where the flow is different. There are a few reasons why we should expect less phase error in the brain than in cardiac studies: 1) in time-averaged imaging the VFR is generally higher than the diastolic phase of time-varying imaging, and so the error has a lesser relative impact, and 2) the vessels are generally closer to the iso-centre of the magnet and the brain requires a smaller field of view.
In this work, we utilized a typical time-averaged 3D whole brain PC protocol and evaluated the effect of eddy current induced phase-error bias and its correction on VFR measurements using three correction schemes (LBC, LPC, and WBPC). We hypothesized that phase-error correction will have a lesser impact on the VFR in the brain than previous cardiac studies. We evaluated the effects of the three phase-error correction techniques on VFR in a static phantom, in background brain tissue, and in twenty-six vascular segments from thirty human subjects to determine the impact of phase errors and their correction in a typical neurovascular PC acquisition.
Methods

Ethics Statement
Permission was obtained from the University of Calgary Ethics Review Board to conduct this study and all subjects provided informed written consent.
Imaging
Imaging was performed on a 3 T MR scanner (Discovery 750; GE Healthcare, Waukesha, WI Phantom, made by the Phantom Laboratory, Salem NY) to assess the phase offset in the background (Fig 1) . This phantom was selected to represent the size of a human head. Although there is no flow in a static phantom, the background will still have some bias from eddy current induced phase errors. Imaging was performed in 30 healthy human subjects (13 females, aged between 18 and 64 years of age, mean age 33 years and standard deviation 9 years). This cohort was described in a previously published study [22] . The imaging volume was positioned to cover the brain and cerebral vasculature from just below the carotid bifurcation to top of the head. Vendor-provided, post-acquisition, corrections for gradient nonlinearities and Maxwell terms were automatically applied prior to this analysis [14] .
Measurements
Phase error of the background was measured by placing cut-planes (i.e., planes used to integrate the velocity flux, Fig 2) , at 8 different locations and in 3 orientations in the phantom and the brain tissue of each subject (i.e., 24 cut-planes per subject). The background cut-planes (size of 6 × 6 pixels) were positioned in regions without visible vasculature so that we could assume that the tissue was stationary (net velocity was zero cm/s or VFR was zero (ml/s)/ Velocity measurements and whole polynomial fit in an axial slice of a static phantom. The top row shows the measured velocity in the phantom and the bottom row shows the whole brain polynomial fit. Measurements corresponding to these images can be found in Table 1. pixel). Background tissue cut-planes were located at eight pre-specified locations in the phantom and brain tissue (Fig 2a, yellow planes) , typically, four to eight centimeters from the magnet iso-centre. An experienced operator adjusted the cut-plane locations manually in each subject to avoid vessels. At each location, three cut-planes were defined perpendicular to the anterior-posterior, left-right, and superior-inferior orientations. The volume flow rate (VFR) per pixel was calculated from the cut-plane by integrating the velocity and multiplying by the pixel area [22] and dividing by the number of pixels. The value was normalized by the number of pixels to account for different sized areas of vessel segments in later sections. A total of 24 measurements were taken in the phantom, and 720 background tissue measurements were collected across the 30 subjects.
Vessel cut-planes were placed across 26 major cerebrovascular segments following the procedure detailed in [22] . Vessel cut-planes were made at four locations along the internal carotid arteries (ICA), along the vertebral arteries, along the middle cerebral artery (MCA) M1 segment, and in the M2 segments, across anterior communicating artery (ACom), along the anterior cerebral arteries (ACA), along the basilar artery, and across the posterior cerebral arteries (PCA), along the sagittal sinus, vein of Galen, and transverse sinuses (Fig 2a, red cut-planes) . These cut-planes were of the size required to measure the VFR through the vessel segment so that the size was set uniquely for each vessel. Only pixels in the vessel with velocity >7 cm/s were used in the calculation (the value of 7 cm/s was predetermined as a threshold that would segment the vessels from the background noise and background phase offset).
Correction Techniques
Three methods were used to correct for the eddy current-induced phase error: 1) local bias correction (LBC), 2) local polynomial correction (LPC), and 3) whole brain polynomial correction (WBPC). With the first two methods correction was performed by extending each cut-plane and using the area in the extended region to estimate the local background offset (Fig 2b) . This was done in both the phantom and in vivo datasets. The cut-plane was first dilated by one pixel. This first ring was not used for background-offset estimation to prevent erroneous results due to partial volume effects. A further dilation of the cut-plane by three pixels was used to define a second ring to be used for local background-offset estimation. Although there are a number of approaches to define the local region prior to estimating the phase error, this approach was selected because it is similar to a previous work [3] . Pixels in the second ring with velocity >7 cm/s were not used for bias estimation in order to exclude possible adjacent vessels. This exclusion was particularly important above the carotid bifurcation to exclude the external carotid artery. For bias correction, the mean velocity of the second ring area was calculated as an estimate of the phase error and subtracted from velocity estimates in the cut-plane measurement (which was used to calculate the VFR in the inner region of that cut-plane). For the LPC technique, the phase bias in the second ring were fit (with least squares) to a secondorder polynomial to estimate the phase error within the inner region of the cut plane, and then the estimated bias was subtracted.
For the third technique, WBPC, masks of the brain tissue and vessels were created with fixed thresholds (>10% of the maximum magnitude signal to segment the brain tissue and vessels and >7 cm/s to select vessels) to isolate the background by excluding the vessel segmentation mask from the brain tissue segmentation mask. The thresholds used here were selected based on a previous study [22] to accurately segment the background and vessels. The stationary background was then fit to a third-order polynomial function using the least squares method. The resulting function was then used to estimate and correct the phase error across the brain, including vessels. Fig 1 row 2 and Fig 2c shows an example of the impact of this correction.
Statistics
A Kolmogorov-Smirnov test was used to confirm normality of the data with 95% confidence. A six-way ANOVA test was performed on the background tissue measurements comparing the effect of subject, correction scheme, measurement location (three factors: left/right, anterior/ posterior, and inferior/superior), and cut-plane orientation. An additional three-way ANOVA test (factors: subject, vessel, and correction scheme) was performed on the vessel measurements to test for significant effects in phase error correction. Where appropriate mean ± standard deviation values were reported. A level of p < 0.05 was considered significant. Corrected vessel measurements were correlated with uncorrected measurements and the difference in uncorrected and corrected measurements was assessed with a Bland-Altman analysis [23] .
Results
Fig 1 shows the eddy current induced phase error in a static phantom, and in Table 1 measurements from the 24 cut planes placed around the iso-center at different orientations are reported. Although the phantom has no flow, there is an observable bias in the velocity across it. The bias exists in all encoding directions, but it can be seen that it is largest in the left-right direction (the phase encoding direction). The whole brain polynomial fitting is applied in the second row of the image, and additional noise can be seen when comparing the first and second rows. VFR per pixel was measured to be less than 2.1 (ml/s)/pixel. The correction schemes lowered the range to <0.6 (ml/s)/pixel, <0.3 (ml/s)/pixel, and <0.5 (ml/s)/pixel, for the LBC, LPC Table 1 . Absolute volume flow rate (VFR) for cut-planes placed of static phantom in Fig 1. As each cut-plane was placed in stationary background, a VFR of zero (ml/s)/pixel was expected in the measurements. A larger reduction in VFR estimates indicates better calibration performance.
Location
Absolute and WBPC. Although the general trend was a reduction in the bias, in some cases the magnitude of the phase error was found to be larger with the correction .  Fig 3 shows how the in vivo measurements at one background location (Inferior-AnteriorLeft location), had errors that varied with orientation for a given location, but were generally reduced towards zero ml/s as expected. The mean uncorrected error at this location across the 30 subjects was small (0.26 (ml/s)/pixel) and after correction approached zero ml/s (0.07 (ml/ s)/pixel for LBC, 0.09 (ml/s)/pixel for LPC, and 0.11 (ml/s)/pixel for WBPC). Similar trends were observed in the seven other background tissue cut-planes (Tables 2 and 3 ). The majority of the observed error was removed from measurements in background tissue, independent of the correction scheme used ( Table 3 ). The average absolute VFR reduction after correction across the 24 cut planes was 57.2% ± 20.6% (65.6% ± 14.5% for LBC, 58.4% ± 20.5% for LPC and 47.7% ± 22.5% for WBPC, Table 3 ). The LBC scheme had the lowest average corrected mean VFR (0.07 ± 0.18 (ml/s)/pixel, Table 2 ) and had the best performance over this data-set, compared to the two other correction schemes. The Kolmogorov-Smirnov test confirmed normality of the background tissue measurements with 95% confidence. Among the background tissue measurements, the ANOVA test revealed statistically significant effects for the correction scheme (p < 0.001), left-right location (p = 0.015), and orientation (p < 0.001). Subject (p = 0.074), or anterior/posterior (p = 0.817) and inferior/posterior (p = 0.457) measurement location were not significant. A post-hoc one-way ANOVA test, however, found no significant differences between the three correction schemes (p = 0.242) across all locations and orientations.
The vessel VFR measurements also changed with the correction scheme ( Table 4 ). The average change of the VFR in the vessel segments, however, was small (1.04% for LBC, -6.04% for Table 2 . Absolute volume flow rate (VFR) for cut-planes placed in background tissue. These numbers represent the absolute measured VFR before and after correction. Measurements for each location and orientation are averaged over the thirty subjects. Population mean and standard deviation are provided. As each cut-plane was placed in stationary background tissue, a VFR of zero (ml/s)/pixel was expected in the measurements. A larger reduction in VFR estimates indicates better calibration performance.
Absolute LPC, and -0.51% for WBFC). The average coefficient of variation remained essentially unchanged from 0.42 in the case of the uncorrected measurements to 0.46, 0.45, and 0.46 for LBC, LPC and WBPC schemes, respectively. The corrected measurements were strongly correlated with the uncorrected measurements (Fig 4) . In the Bland-Altman plots, it can be seen that the mean impact of correction in these measurements was small: -0.04 ± 0.05 ml/s for LBC, 0.09 ± 0.16 ml/s for LPC, and -0.02 ± 0.06 ml/s for WBPC; no pre/post correction differences were significant (p = 0.997). Again, there was no significant difference between the different correction schemes (p = 0.738). Table 3 . Absolute VFR reduction as a percentage of the uncorrected VFR for each of the three correction schemes: local bias correction (LBC), local polynomial correction (LPC), whole brain polynomial correction (WBPC) for cut-planes placed in background tissue as describe in Table 1 . Group (by cutplane orientation, defined in Fig 2) and overall mean and standard deviation are provided. A larger absolute VFR reduction indicates better calibration performance in stationary tissue. 
Discussion
This study is one of the first comprehensive investigations of the potential impact of phaseerror correction schemes on time-averaged 3D PC imaging of the cerebral vasculature. Previous work in cardiac PC imaging suggested that there may be large measurement errors [3] . Many previous studies predated the now widely-available correction for concomitant gradient effects [14] . In this work, we compared three schemes for correcting eddy current-induced errors in brain PC-MR datasets. Evaluation of phase-error correction schemes can use tissue regions where velocity or VFR is known, such as in stationary background tissue where the flow is expected to be zero cm/s. In this study we showed that in background tissue the absolute VFR was reduced by an average of 57.2% (65.6% with the LBC, 58.4% with the LPC, and 47.7% with the WBFC schemes). LBC showed the largest bias reduction but statistically was not significantly better than LPC or WBPC (p = 0.242). When measuring blood flow in vessels, none of the correction schemes resulted in significant VFR measurement differences (corrected vs uncorrected, p = 0.997). We, therefore, conclude that the effect of eddy current-induced phase errors in typical 3D PC images of the cerebral vasculature has a negligible impact on VFR measurements. Further, we found no significant difference between correction schemes (p = 0.738) in the vessel VFR measurements. While our results are contrary to other reports, those studies imaged near the heart with very different acquisition strategies [2, 10, 15] . However, our study is the first to examine the phase error effects in a typical, current, time-averaged 3D whole-brain PC protocol of the cerebral vasculature.
These results showed that there was slightly more variation in the phase error corrected VFR measurements than in the uncorrected measurements. This manifested as slightly higher coefficient of variation in the corrected vessel measurements. This result is not surprising given the lack of significant bias to correct and the fact that each correction method is sensitive to noise. Without evidence of significantly increased accuracy with these correction schemes, the decreased precision warrants caution in using these phase-error correction schemes.
Other metrics such as wall shear stress, pressure, and kinetic energy [12, 13, 24, 25] would also be impacted by background phase error. Though the analysis of the propagation of errors for these metrics is beyond the scope of this study; some inferences could be made from our findings. We would not expect wall shear stress to be adversely affected by a bias since it is derived from the gradient across the vessel [12] . Pressure and kinetic energy calculations would be more sensitive to a bias error and we would expect error propagation similar to the VFR metrics.
A static phantom was used in these experiments to assert the magnitude of the background phase error. A flow phantom [26, 27] potentially could also be used to assert the accuracy of the flow quantification in the presence of eddy currents, but the precision of the flow phantom would need to be much smaller than the expected bias due to background phase (i.e.,~<0.2 cm/s).
We have proposed that eddy currents are the primary source of residual phase error, but it needs to be pointed out that the source of these residual errors may also originate from the concomitant phase error not being completely removed or from other sources. When adjusting the velocity encoding value, we found that the bias to be proportional, but this does not preclude other sources of error that might also be present.
While small changes were seen after applying the phase-error correction schemes (on the order of 0.5% to 6%), these changes were much less than the 10% to 25% changes seen in previous cardiac MR-PC imaging studies [2, 3, 8, 9] . The exploration of phase-error correction in cerebrovascular studies, or in time-averaged experiments is not as well represented in the literature, making these findings unique and novel. As stated in some previous reports, phase error may be left uncorrected as the correction may introduce more error than it removes [17] . We can conclude that correcting for phase error in the background tissue did indeed result in a significant effect. However, it can also be concluded from this experiment that there was not a significant difference to the in vivo vessel measurements when applying phase error correction.
